Diosgenin (a steroidal saponin of fenugreek) has long been used as a raw substance for the manufacturing of steroid drugs. In order to evaluate the nutritional effect of different nitrogen (0, 50, 100, 150 and 200 kg ha -1 ) and copper (0, 10, 20 and 30 kg ha -1 ) doses on the diosgenin content, growth and yield of fenugreek (var. Ardestan), an experiment was carried out in a factorial arrangement based on complete randomized block design. The diosgenin content in the plant was monitored by a high performance liquid chromatography. Lower doses of copper increased yield, yield component and diosgenin content, but its higher level (30 kg ha -1 ) had negative effects on the plant yield. The simultaneous application of nitrogen and copper ameliorate the diosgenin production, yield and yield component. The result obtained from correlation and stepwise regression analysis showed that traits such as leaf area index, pods number per plant, and dry weight have significantly direct relation to diosgenin production levels in plants, while dry weight has the highest effect on diosgenin production compared to other traits. According the results, we also can conclude that nitrogen application can decrease copper toxicity in fenugreek in the contaminated soils.
INTRODUCTION
Copper is one of the essential micronutrient, required for several different physiological and biochemical pathways in plants as well as mammalian nutrition [Stern et al. 2007] . Its deficiency has an adverse effect on human being [Stern et al. 2007] . In fact, copper is one of the essential nutrient required for secondary metabolite production, but its higher concentration cause some pr oblems in soil and restrict plant growth and development [Panou Filotheou et al. 2001] . Copper through fertilization, pesticides, municipal wastewater and industrial wastewater may contaminate soils. However, it has been reported to be a complex interaction between nitrogen and copper in legumes [Marschner 2012 ]. Marschner [2012] determined that the toxicity of copper could be decreased as nitrogen supply increased.
Nitrogen is an essential element for plant growth and reproduction, which is a component of chlorophyll and thus necessary for photosynthesis [Alburquerque et al. 2013 , Britto et al. 2014 . It is also the basic element of plant and animal proteins, including the genetic material DNA and RNA, and is important in periods of rapid plant growth. Previous studies indicated that nitrogen applications increased the number of pods per plant, seeds per pod and 1000 seed weight in fenugreek [Tunçtürk et al. 2011] . However, high levels of these elements, copper and nitrogen might have toxic effects on plant growth [Britto et al. 2014] .
Fenugreek belongs to the Fabaceae family; its leaves and seeds are used as a source of health in Iran and used as a spice. It has three main components such as steroidal sapogenins, galactomanans and isoleucine, which has pharmacological character [Aradhana et al. 1992] . The presence of saponins has been reported in most species. Diosgenin belongs to the steroidal saponin group which is the starting material of industrial interest in the synthesis of many steroidal drugs. Fenugreek with its easy cultivation has considered as a source for diosgenin production [Sautour et al. 2007 ]. However, the plants yield depends on environmental condition such as abiotic and biotic factors [Berova et al. 2000 , Nurzyńska--Wierdak et al. 2015 , Shams et al. 2016 , Sorkheh et al. 2016 . The abiotic factors such as copper, methyl jasmonate (MeJA) and ethylene can influence the diosgenin production in plants [Narula et al. 2005 , Diarra et al. 2013 , Chaudhary et al. 2015 .
Copper is one of the factors in the production of secondary metabolites and performance of the plants. High levels of this element in plants can be toxic [Roy et al. 2016] , but nitrogen has an important role in reducing the toxicity of copper in the fenugreek. A review of literature reveals that there is no much investigation on copper acclimation of fenugreek treated with nitrogen fertilization. Also there is little knowledge in the field of copper and nitrogen interaction on fenugreek yield and steroidal sapogenin production. Therefore, the purpose of this study was to evaluate the effect of different rates of nitrogen and copper on the growth and yield of fenugreek and the diosgenin production.
MATERIALS AND METHODS
Chemicals and materials. Acetonitrile (HPLC grade, Merck, Darmstadt, Germany) and deionized water purified through a Millipore system (Milford, Connecticut, USA) were used. All other reagents were of analytical grade and used without further purification. Diosgenin was purchased from Sigma (Buchs, Switzerland Data collection and analysis. The experiment was conducted in a factorial arrangement based on a complete randomized block design with three replicates for each treatment. In order to diminish margin effect, samples were selected randomly from the middle of the plots. Sampling was performed in five different growth stage (25, 45 and 65 days old plants, full bloom and pod ripening) to determine and calculate dry matter content, leaf area index and diosgenin. The seed number per pod and pods number per plant were measured at full maturity. The Pearson correlation and stepwise regression analysis were used to determine important characteristics affecting (independent variables) diosgenin production rate (dependent variable). Statistical analysis was carried out by SPSS version 19 at P > 0.05, and the mean separa-tion was done following Duncan's Multiple Range Test.
Extraction and determination of diosgenin. The diosgenin content of leaves and fruits was measured by the methods of [Saxena et al. 1996 , Shams et al. 2013 . HPLC analyses were performed on a Knauer (Berlin, Germany) HPLC system equipped with a Wellchrom K-1001 pump, a Wellchrom K-2600 UV-Visible detector and a Nucleosil RP C18 column (125 mm length, 4 mm internal diameter and 5 µm particle size, Knauer, Berlin, Germany).
RESULTS
Growth, yield and yield component. The result showed that the separately application of copper at third level (Cu3, 20 kg h -1 copper sulfate) and nitrogen at third level (N3, 100 kg h -1 urea) had the highest effect on increasing LAI, dry weight, number of pods per plant and number of seeds per pod (tabs 1, 2). Copper at forth level (Cu4, 30 kg h -1 copper sulfate) had a negative effect on yield and yield component. However, simultaneous application of Cu4 (30 kg h -1 copper sulfate) and N3 (100 kg h -1 urea) had the most significance effect on the investigated characters rather than control (tab. 4). The copper had no significant effect on 1000 seed weight (tab. 2)
The results obtained from our study showed that as the nitrogen level increased in the soil (up to 100 kg h -1 urea) the number of pods per plant, seed number per pod and 1000 seeds weight increased, but high application of nitrogen in the soil (150 and 200 kg h -1 urea) decreased them (tab. 2). According to the regression analysis, dry weight (independent variable) had the greatest effect on diosgenin production (dependent variable), and their relation was direct (tab. 5). This means that increasing the plant growth and dry matter accumulation can ameliorate the diosgenin production of in plants.
Diosgenin. The increasing of concentrations of Cu 2+ in the media ameliorated the accumulation of diosgenin, but upper levels of Cu (30 kg h -1 copper sulfate) caused a decline in the production of diosgenin in fenugreek (tab. 1).
Nitrogen application had a significant effect on the production rate of diosgenin. As nitrogen concentration in culture medium increased, production rate of diosgenin enhanced. Moreover, nitrogen at third level (N3, 100 kg ha -1 urea) had a significant effect on diosgenin and increased its content up to 32 percent compared to control (tab. 1). Higher concentrations of N (150 and 200 kg h -1 urea) in the media decreased diosgenin production.
Simultaneous application of nitrogen at third level (N3, 100 kg ha -1 urea) and copper at forth level (Cu4, 30 kg ha -1 CuSO 4 ) had the highest effect on diosgenin in 45-day old leaves and improved its content up to 88 percent compared to control group (tab. 3).
There was a significant correlation between diosgenin production and dry weight (tab. 5), but the correlation between diosgenin production and leaf area index, 1000 seed weight, number of pods per plant was not significant. The Results of stepwise regression analysis showed that among all independent parameters, dry weight had a direct relation and the highest effect on diosgenin production.
DISCUSSION
Growth, yield and yield component. Our findings pointed out that lower levels of Cu increased dry matter, but upper levels of Cu decreased dry matter accumulation due to its toxicity effect. This may be due to preferable inhibitory effects of Cu on leaf elongation [Alaoui Sossé et al. 2004] . This result confirms previous findings about toxicity effects of Cu in cucumber Alaoui Sossé et al. [2004] and beans [Elleuch et al. 2013] . On the other hand, dry weight decline is attributed to the effects of copper and iron antagonist eventually, which causes chlorophyll decomposition and reducing plant total photosynthesis [Marschner 2012] . By increasing the copper concentration (70 µm) in the Murashige and Skoog medium in Dioscorea bulbifera L. the dry weight decreased [Narula et al. 2005] .
Increasing leaf area index, number of pods per plant, seed number per pod and 1000-seeds weight by nitrogen application at optimum level (N3) is consistent with the findings of [Mehta et al. 2010 ], but its higher concentration had a negative effect. High levels of nitrogen enhanced vegetative growth, which inhibited light penetration into the canopy and Increase in the number of pods in fenugreek is attributed to Cu active role in flower formation and avoiding flower abortion. Copper at its optimum level, by increasing carbohydrate content in plants, prevent flower abortion and pods number per plant [Marschner 2012] .
Diosgenin. According to the findings of our study, there was a direct relation between dry matter production and diosgenin production. This means that the diosgenin production would increase in plants by means of the accumulation of dry matter. Similarly, the secondary metabolic production in ginger was increased by the accumulation of dry matter [Ghasemzadeh et al. 2011] . There was an evident relationship between carbohydrates production and dry matter accumulation in plants [Ghasemzadeh and Jaafar 2011] .
Dry matter accumulation occurred at the same time with the carbohydrate production of plants. Carbohydrates are among the constituents of pyruvic acid cycle and are the basic components of diosgenin production in plants [Veeresham et al. 2004] .
Copper is required for several biochemical and physiological pathways and thus is considered essential for carbohydrate production and plant growth [Veeresham and Kokate 2004] . Therefore, increasing accumulation of CuSO 4 in media enhanced the diosgenin production.
Higher concentrations of Cu 2+ in the media inhibited the formation of diosgenin in fenugreek. Our results reflect the impact of copper on diosgenin production in okra (Hibiscus esculenthus) reported by [Narula et al. 2005 ]. Due to complex interaction between nitrogen and copper in legumes, the simultaneous application of higher level of copper and nitrogen, improved steroidal sapogenins production.
Higher concentrations of NO 3 in the media supported the increased accumulation of diosgenin in vitro cultures of fenugreek [Ravishankar et al. 1991] . In contrast, in this study higher concentration of nitrogen at field conditions, along with increased leaf area index (Cell size expansion and not significant effect on dry matter accumulation) declined diosgenin production.
CONCLUSIONS
High copper amount in tissue culture surveys has been shown to induce lower yields and secondary metabolite accumulation. On the contrary, in field cases with situation respect to the extreme demand of root to Cu for nitrogen-fixing, nodules partly reduced copper toxicity so copper had no significant effect on yield decline. As the dry weight of plant increased, secondary metabolite production elevated, it is due to the increase of carbohydrate accumulation. It is necessary to conduct further researches to evaluate the effects of other nutrients on the yield and production of secondary metabolites in plants.
